1. Introduction {#sec1}
===============

The cJun-N-terminal kinases JNKs are members of the mitogen-activated protein kinases (MAPK) family, which differ from classical MAPK such as ERK in the fact that JNK activity is more potently induced in response to cellular stress than to mitogens [@bib1]. JNKs are named after their capacity to phosphorylate and activate the protein cJun, a member of the AP-1 family of transcription factors [@bib2]. There are three JNK isoforms encoded by three different genes, JNK1 and JNK2, which are ubiquitously expressed, and JNK3 for which expression is restricted to the brain, testis, and pancreatic β-cells [@bib1], [@bib3]. JNKs are well known to play a central role in the cell response to stress, and JNK activity in different cell types was implicated in the pathogenesis of obesity-driven insulin resistance. The mechanisms leading to JNK activation in obesity, its cell-specific action in insulin resistance, and its role in pancreatic β-cell function were previously reviewed [@bib3], [@bib4], [@bib5], [@bib6], [@bib7], [@bib8], [@bib9], [@bib10]. However, to our knowledge, a comprehensive review discussing the potential benefits and possible side effects of JNK inhibition in obese diabetic patients is missing. Here we discuss the role of JNK in the link between obesity, type-2 diabetes, and their complications in light of an increasing body of evidence implicating JNK activity in the complex cellular response to the metabolic stress driven by obesity and type-2 diabetes. As emerging evidence indicates that JNK activity within specific cellular contexts may promote metabolic stress tolerance, a better understanding of this response is necessary to appreciate both the potential and the limitations of JNK as a drug target for the treatment of obesity-driven diabetes.

2. JNK in the pathogenesis of insulin resistance {#sec2}
================================================

JNK is one of the most investigated molecules in obesity models of insulin resistance, and studies have led to a new paradigm of how excess adiposity may cause insulin resistance [@bib3], [@bib5], [@bib6], [@bib11]. JNK was proposed to drive insulin resistance in obesity by four distinct mechanisms: direct inhibitory phosphorylation of insulin receptor substrates (IRS) 1 and 2; promotion of metabolic inflammation; promotion of metabolic efficiency and adiposity via inhibition of the TSH-thyroid hormone axis; and negative regulation of the PPARα-FGF21 axis ([Figure 1](#fig1){ref-type="fig"}).

2.1. Mechanism 1: direct phosphorylation of IRS1 and IRS2 {#sec2.1}
---------------------------------------------------------

In 1993, Hotamisligil et al. reported that TNFα mRNA expression is elevated in adipose tissue of obese insulin-resistant rodents compared to control lean animals, and neutralization of TNFα improves insulin sensitivity in obese insulin resistant rats [@bib12]. This study motivated the investigation of the role of signal transducers downstream TNFα and other inflammatory signals in insulin resistance.

One year later, Tanti et al. reported that serine/threonine phosphorylation of IRS1 caused defective IRS1 tyrosine phosphorylation and reduced phosphatidylinositide 3 kinase (PI3K) AKT signaling in response to insulin receptor activation [@bib13]. Altogether, the two studies above indicate that serine/threonine kinases induced by TNFα and inflammation, such as JNK [@bib3], may promote insulin resistance via direct phosphorylation of IRS molecules. It was later found that treatment of cell cultures with the potent JNK inducer anisomycin caused a reduction of IRS1 and IRS2 tyrosine phosphorylation in response to insulin, which was paralleled by increased serine/threonine phosphorylation of IRS1 and IRS2 [@bib14]. The JNK phosphorylation site on IRS1 was mapped at serine-307, and it was shown that phosphorylation of this residue inhibits the interaction of IRS1 with the insulin receptor and tyrosine phosphorylation of IRS1 in response to insulin [@bib14], [@bib15]. Importantly, it was shown that JNK activity in mouse muscle, fat, and liver is elevated during obesity, and obese mice with systemic ablation of JNK1 (JNK1^−/−^) but not JNK2 (JNK2^−/−^) display a dramatically improved metabolic phenotype [@bib16]. Indeed, JNK1^−/−^ mice were resistant to diet-induced obesity and showed markedly improved insulin sensitivity, which was correlated with improved insulin-stimulated IRS1 tyrosine phosphorylation and decreased IRS1 serine-307 phosphorylation in liver [@bib16]. Altogether, these studies indicate a preferential role for JNK1 in obesity-driven insulin resistance, possibly via direct phosphorylation of IRS1 at serine-307 ([Figure 1](#fig1){ref-type="fig"}A). However, it was shown that mice lacking JNK2 and only one allele of JNK1 (JNK2^−/−^JNK1^+/−^) were also protected from diet-induced obesity, steatosis, and insulin resistance, indicating that JNK2 is also involved in obesity driven insulin resistance [@bib17]. Furthermore, JNK1 and JNK2 display the same ability to bind IRS1 and phosphorylate it at serine 307 *in-vitro* [@bib17]. It is unlikely, however, that IRS1 phosphorylation at serine-307 per se is sufficient to explain the role of JNK in insulin resistance. Indeed, it was shown in mice that replacing IRS1 serine-307 with an alanine, to prevent its phosphorylation, does not protect from obesity-driven insulin resistance [@bib18]. One possibility is that a single serine phosphorylation site (e.g. serine-307) is not sufficient to inhibit insulin signaling and that multiple serine/threonine residues need to be phosphorylated to prevent tyrosine phosphorylation of IRS1/2 by the insulin receptor. One could speculate that phosphorylation of multiple serine/threonine sites on IRS1 could prevent the interaction with the activated insulin receptor, which undergoes autophosphorylation on tyrosine residues because of a charge-repulsion effect. This view is supported by a study showing that mice with muscle-specific expression of an IRS1 mutant with an alanine substitution at serine residues 302, 307, and 612 display improved insulin sensitivity and muscle insulin signaling in a high-fat diet model of insulin resistance [@bib19]. Furthermore, it should be considered that JNK was also shown to phosphorylate IRS2 at serine/threonine residues [@bib14], [@bib20], [@bib21], hence blocking a single phosphorylation site on IRS1, and not on IRS2, is not expected to fully rescue the direct effects of JNK on insulin signaling. The major weakness of this mechanism is that it is largely based on cell-culture experiments and lacks of an *in-vivo* validation. Indeed, whereas IRS1 serine-307 phosphorylation is reduced in mice with systemic ablation of JNK1 [@bib16], it must be also noted that JNK1^−/−^ mice are resistant to diet-induced obesity and develop less inflammation than control mice when kept on high-fat diet [@bib17]. Hence, reduced IRS1 serine-307 phosphorylation in JNK1^−/−^ mice kept on high-fat diet could be the indirect consequence of their leaner phenotype and reduced inflammation.

In one study, it was reported that blocking JNK1 specifically in muscles of mice kept on high-fat diet improved insulin sensitivity, increased insulin stimulated IRS1 tyrosine phosphorylation, and decreased IRS1 serine-307 phosphorylation [@bib22].Consistent with these results another group showed that elevation of JNK1 activity in tibialis anterior muscle of mice by electroporation of a vector expressing a JNK1 made constitutively active by fusion with the upstream kinase JNKK2 (JNKK2-JNK1) increased IRS1 serine-307 phosphorylation and caused muscle insulin resistance [@bib23].

However, others could not observe a significant effect of muscle-specific JNK1 activation or blockage on insulin sensitivity by using cre-Lox mediated deletion of JNK1 or induced expression of JNKK2-JNK1 [@bib24]. We conclude that the *in-vivo* relevance of direct phosphorylation of IRS molecules by JNK remains an open question. Because JNK1 and JNK2 are equally capable of binding and phosphorylating IRS1 *in-vitro* [@bib17], it is necessary to investigate obesity-driven IRS1/2 serine/threonine phosphorylation in mice in which both JNK1/2 are inactivated in specific insulin-target tissues.

2.2. Mechanism 2: induction of macrophage M1 gene-expression {#sec2.2}
------------------------------------------------------------

JNK1^−/−^ mice and JNK1^−/+^JNK2^−/−^ mice are protected from diet-induced obesity, inflammation, and insulin resistance, which implicates JNK1 and JNK2 in energy balance, insulin sensitivity, and metabolic inflammation [@bib16], [@bib17]. However, whole-body inactivation of JNK1/2 does not allow the identification of the cause-consequence relationship between the effects of JNK1/2 on adiposity, inflammation, and insulin sensitivity. To address this question, a bone marrow transplantation procedure was adapted to mice models of diet-induced obesity to ablate JNK1 specifically in cells of hematopoietic origin (e.g. macrophages) or in non-hematopoietic tissues [@bib25]. This study showed that loss of JNK1 activity in both compartments, hematopoietic and non-hematopoietic, contributes to improved insulin sensitivity in mice fed a high-fat diet. The obesity-resistant phenotype was due to JNK1 inactivation in the non-hematopoietic compartment, whereas JNK1 activity in hematopoietic cells was necessary for obesity-driven expression of genes associated with classical (M1) macrophage activation independently from differences in adiposity. Interestingly, JNK1 ablation in the hematopoietic compartment reduced serum free fatty acid levels indicating a possible role for JNK1 within adipose tissue leukocytes in the control of lipolysis [@bib25]. Another study using a similar bone marrow transplantation procedure also indicated that loss of JNK1 activity in both compartments, hematopoietic and non-hematopoietic, contributed to improved insulin sensitivity in mice fed a high-fat diet [@bib26]. However, this study came to the conclusion that JNK1 action on insulin sensitivity is predominantly due to its activity in non-hematopoietic cells [@bib26]. Conditional deletion of JNK1 in myeloid cells or adipocytes using transgenic mice expressing the cre recombinase under the control of the lysosome-M promoter (for myeloid cells) or the ap2 promoter (for adipocytes), respectively, indicated that JNK1 action in adipose tissue inflammation is due to its activity in adipocytes [@bib27]. Quantitative and qualitative differences in these studies could be due to several reasons including difficulties in the standardization of bone marrow transplantation protocols, compensation from JNK2, and partial efficiency and specificity of cre recombination. In particular, the use of the ap2 promoter to drive the cre expression was recently shown to cause partial genetic recombination in adipocytes and considerable deletion of target genes in tissues other than fat [@bib28]. Therefore, the role of JNK1 within the adipocyte in driving inflammation and insulin resistance should be investigated using adiponectin promoter-driven cre recombination, which is more efficient and specific for adipose tissue [@bib28].

To clarify the role of JNK in macrophages, mice lacking JNK1 and JNK2 in macrophages were generated and investigated in diet-induced obesity. The results indicate that mice lacking JNK1 and JNK2 in myeloid cells were largely protected from obesity-driven inflammation and insulin resistance independent of differences in adiposity [@bib29]. Furthermore, JNK1/2 inactivation in myeloid cells reduced macrophage accumulation in adipose tissue and the expression of M1 cytokines, thereby indicating that JNK activity in adipose tissue macrophages is required for their activation during obesity [@bib29]. These results were confirmed in a subsequent study, indicating that JNK activity in macrophages promotes adipose tissue IL-6 expression, which increases adipose tissue lipolysis and circulating free-fatty acids, which drive hepatic glucose production in spite of normal liver insulin signaling [@bib30]. Altogether, these studies indicate that JNK activity in myeloid cells is required for obesity-driven M1 activation of macrophages and elevation of pro-inflammatory cytokines levels in the obese adipose tissue ([Figure 1](#fig1){ref-type="fig"}B). Adipose tissue pro-inflammatory cytokines may promote insulin resistance by acting directly on insulin signaling within insulin target cells, or indirectly via stimulation of adipose tissue lipolysis and consequent elevation of circulating free fatty acid levels.

2.3. Mechanism 3: inhibition of pituitary thyroid axis {#sec2.3}
------------------------------------------------------

The fact that JNK1^−/−^ mice and JNK1^−/+^JNK2^−/−^ mice are protected from diet-induced obesity suggests that their improved insulin sensitivity could be, in part, an indirect consequence of their leaner phenotype [@bib16], [@bib17]. This concept is consistent with data from bone marrow transplantation experiments showing that improved insulin sensitivity in obese mice lacking JNK1 in the non-hematopoietic compartment was correlated with their leaner phenotype [@bib25]. To study the role of JNK1 activity in neurons in diet-induced obesity, two different laboratories investigated mice in which JNK1 was specifically ablated in the central nervous system (CNS) and in the hypophysis using the cre recombinase driven by the nestin promoter. One study showed that loss of JNK1 in the CNS causes a defective growth phenotype as body weight and naso-anal length were reduced in mice lacking JNK1 in CNS that were kept on chow diet [@bib31]. This defective growth phenotype observed in mice with specific CNS deletion of JNK1 is surprising as mice with whole body ablation of JNK1 do not display this phenotype but show reduced fat mass only when placed on an obesogenic diet [@bib16], [@bib17], [@bib25]. When placed on a high-fat diet, mice lacking JNK1 in CNS showed increased T3 levels and pituitary expression of TSHβ, indicating activation of the pituitary thyroid axis. These mice also showed reduced body mass, reduced epididymal fat, smaller adipocytes, and dramatically reduced hepatic triglyceride content compared to control mice placed on a high-fat diet [@bib31]. Another laboratory reported that JNK1 ablation in the CNS specifically reduced adiposity in mice placed on a high-fat diet without affecting growth on standard chow diet, a phenotype, which was explained by increased circulating levels of thyroid hormones and pituitary expression of TSHβ. Overall, these two studies consistently indicate that JNK1 promotes adiposity during high-fat diet feeding by inhibiting the pituitary-thyroid axis [@bib32].

To learn more about the role of JNK in the pituitary-thyroid axis, mice lacking JNK1 and JNK2 in the anterior pituitary were generated and investigated in diet-induced obesity [@bib33]. The results indicate that JNK activity in the pituitary was necessary to sustain the expression of TSHβ and that the action of JNK on TSHβ expression is indirect. Indeed, it was shown that JNK activity in pituitary cells promotes the expression of type-2 deiodinase (*Dio2*) gene, which mediates the conversion of T4 to T3 leading to T3-mediated inhibition of TSHβ gene expression. JNK ablation in pituitary cells thus reduces intracellular T3 levels and decreases inhibition of TSHβ gene expression, resulting in increased pituitary-thyroid activation, elevated thyroid hormone levels, and thereby a leaner phenotype ([Figure 1](#fig1){ref-type="fig"}C). Importantly, mice lacking JNK1 in the central nervous system (including the pituitary) and mice lacking JNK1 and JNK2 in the pituitary displayed improved glucose tolerance and insulin tolerance compared to their controls when placed on high-fat diet [@bib31], [@bib32], [@bib33]. The latter is consistent with the idea that improved insulin sensitivity caused by JNK deletion in high-fat diet fed mice is in part an indirect consequence of their leaner phenotype.

The role of the neuron-specific isoform JNK3 in metabolism was recently investigated using mice models of diet-induced obesity and insulin resistance [@bib34]. The data indicate that JNK3 is activated in hypothalamic neurons by high-fat diet feeding and that such activity is required for normal leptin action on the control of food intake. Compared to control animals, mice with ablation of JNK3 in the germline, mice lacking JNK3 in leptin receptor expressing cells, and mice lacking JNK3 in Agrp neurons, all display increased food intake, increased adiposity, and insulin resistance specifically when placed on high-fat diet [@bib34].

Collectively, these studies indicate that whereas central JNK1 and JNK2 inhibition is expected to protect from obesity and insulin resistance by decreasing metabolic efficiency, central inhibition of JNK3 may increase caloric intake and thus exacerbate adiposity and insulin resistance.

2.4. Mechanism 4: negative regulation of PPARα activity and FGF21 expression by hepatic JNK {#sec2.4}
-------------------------------------------------------------------------------------------

In recent studies, mice lacking JNK1 and JNK2 in hepatocytes were investigated to learn about the role of hepatic JNK activity in diet-induced obesity and insulin resistance [@bib35], [@bib36]. JNK1/2 ablation in the hepatocyte improved insulin sensitivity and markedly improved fatty liver in a mouse model of diet-induced obesity, a phenotype which was largely dependent on increased FGF21 expression [@bib35], [@bib36]. The results indicate that during high-fat diet feeding, hepatic JNK activity is required to sustain the expression of the transcriptional corepressors Ncor1 and Nrip1 and that JNK acts as a negative regulator of the transcription factor PPARα [@bib35]. Decreased PPARα transcriptional activity resulted in reduced expression of genes involved in fatty acid oxidation, ketogenesis, and of the hormone FGF21. Ncor1, but not Nrip1, binding to the *Fgf21* promoter region depended on JNK signaling, and the improved metabolic phenotype caused by ablation of hepatic JNK activity was not observed in mice which do not express a functional FGF21 in their hepatocytes [@bib35], [@bib36].

Altogether, these results indicate that JNK acts as a negative regulator of PPARα activity and FGF21 expression in the hepatocyte, via induction of the Ncor1 corepressor, thereby reducing hepatic fatty acid oxidation, ketogenesis, and promoting hepatic steatosis and insulin resistance during diet-induced obesity ([Figure 1](#fig1){ref-type="fig"}D).

3. Role of jnk in the cell response to stress, basic concepts {#sec3}
=============================================================

The four mechanisms described above explain the role of JNK in diet-induced obesity and insulin resistance. However, to fully appreciate the potential impact of JNK inhibition in obesity and type-2 diabetes, it is important to consider the role of JNK in the cellular response to stress. JNK is well known to be a major signal transducer driving the physiological response to several cellular stressors, including ultraviolet (UV)-radiation, genotoxic damage, oxidative stress, endoplasmic reticulum stress, long-chain saturated fatty acids, inflammatory cytokines, and microbial byproducts. Indeed, JNK was identified as an UV-responsive protein kinase mediating the phosphorylation and activation of the cJun transcription factor in response to a variety of stressors [@bib2], [@bib37], [@bib38]. The role of JNK in the cellular stress response has been extensively investigated, and emerged that JNK works as a sort of "yin-yang" transducer capable of driving opposite outcomes depending on context, magnitude, and duration of its activation ([Figure 2](#fig2){ref-type="fig"}). The AP-1 transcription factors, which are regulated by JNK, have been linked to cell survival and cell cycle progression, but also to programmed cell death, although evidence indicates that cJun is mainly a positive regulator of cell proliferation [@bib39], [@bib40], [@bib41], [@bib42], [@bib43]. Indeed, the JNK-cJun pathway was shown to be an early event driving proliferation during liver regeneration by a mechanism involving increased cyclin D1 expression [@bib44], [@bib45], [@bib46], [@bib47]. Furthermore, JNK was implicated in stress tolerance via its action on AP-1 and FOXO transcription factors [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54]. Importantly, JNK1 was shown to induce autophagy by direct phosphorylation of Bcl-2 at threonine-69, serine-70, and serine-87, which leads to disruption of the Bcl-2/beclin-1 complex and consequent activation of autophagy [@bib55]. Autophagy, "self-eating," is a process of lysosomal mediated degradation of cellular components that can promote tolerance to stress by removing damaged organelles such as mitochondria (e.g. mitophagy). However, excessive autophagy can also lead to autophagic cell death.

Sustained activation of JNK by the upstream kinase MEKK induces cell death in fibroblasts [@bib56]; however, JNK activation is not always correlated with cell death and transient JNK activation can drive proliferation [@bib57] ([Figure 2](#fig2){ref-type="fig"}). The role of JNK in cell death was extensively investigated in tumor necrosis factor (TNF) signaling, which induces a transient JNK activation. TNF drives distinct signaling cascades with opposing actions on cell survival [@bib58]. Inhibition of NF-kB mediated gene expression changes the dynamic of JNK activation by TNF from transient to sustained and sensitizes cells to TNF-driven cell death in a JNK-dependent manner [@bib58]. It was shown that the early-transient JNK activation by TNF is a signal promoting cell survival, whereas the long-sustained activation of JNK by TNF in cells with inhibited NF-kB driven gene expression causes cell death [@bib59], [@bib60]. Because JNK promotes cell death in cells in which gene-expression is blocked, it is evident that JNK-driven cell death can be largely independent from its action on AP-1 transcriptional activity. Indeed, JNK controls the activity of cytoplasmic proteins implicated in the control of programmed cell death, including Bim, Bid, and cFlip [@bib61], [@bib62], [@bib63], [@bib64], [@bib65]. Sustained JNK activation following TNF treatment in cells in which NF-kB is blocked was also linked to increased production of reactive oxygen species, which contributes to cell death and play an important role in sustaining JNK activity at late time-points [@bib66], [@bib67], [@bib68]. This dual action of JNK, with an early transient activation driving stress tolerance and a late sustained activation driving cell death, was also observed in response to DNA damage [@bib48], [@bib49], [@bib50], [@bib69] and, more recently, in response to endoplasmic reticulum stress [@bib70], [@bib71]. A general model for the role of JNK in stress response is summarized in [Figure 2](#fig2){ref-type="fig"}: JNK activation drives signals promoting survival, stress tolerance, and proliferation but also signals leading to programmed cell death. Pro-survival signals involve activation of AP-1 and Foxo dependent gene expression, whereas signals driving cell death are largely independent of changes in gene expression and are mediated by direct phosphorylation of cytoplasmic targets ([Figure 2](#fig2){ref-type="fig"}). The initial phase of JNK activation was shown to promote survival and proliferation in different experimental conditions, whereas at later time points JNK activity is often correlated with cell death ([Figure 2](#fig2){ref-type="fig"}). Thereby, a good generalization is that transient moderate JNK activation may promote stress tolerance, whereas for sustained JNK activation the expected outcome is cell death.

In obesity, moderate and sustained JNK activation is observed in different tissues [@bib16], [@bib17], a signaling dynamic which is in between the two extremes described above ([Figure 2](#fig2){ref-type="fig"}). The role of JNK activation in the cell response to the stress associated with obesity and diabetes in the different cell-types involved in the pathogenesis of obesity, type-2 diabetes, and their complications is still not completely understood.

4. Role of jnk in the cell response to metabolic stress: emerging concepts {#sec4}
==========================================================================

Research on the role of JNK in obesity and type-2 diabetes has mainly focused on its action on insulin resistance ([Figure 1](#fig1){ref-type="fig"}). However, increasing evidence indicates that, in specific cellular contexts, JNK may mediate a cellular response to the metabolic stress associated with obesity and diabetes similar to the one described above ([Figure 2](#fig2){ref-type="fig"}). Below, we discuss the evidence indicating a role for JNK in the cell response to metabolic stress.

4.1. JNK in metabolic stress, lessons from *Drosophila* and *Caenorhabditis elegans* {#sec4.1}
------------------------------------------------------------------------------------

It is established that reduction of insulin and IGF signaling leads to a major life-span extension in *Drosophila* and *C. elegans* because of increased transcriptional activity of their Foxo homologues (DFoxo and DAF-16), due to lack of repression from the PI3K-AKT pathway [@bib72], [@bib73]. It later emerged that JNK is a most important signal transducer in the adaptive response to stress in *Drosophila* and *C. elegans* [@bib74], [@bib75], [@bib76]. Indeed, it was shown that *Drosophila* mutants with systemic reduction of JNK activity are more sensitive to the oxidative stress inducer paraquat and display reduced life-span [@bib74]. Conversely, *Drosophila* mutants in which JNK activity is systemically induced are resistant to paraquat-induced oxidative damage and display extended longevity [@bib74]. It was later found that JNK action on stress tolerance and longevity in *Drosophila* and *C. elegans* depends on JNK activity on FOXO homologue proteins, as JNK promotes FOXO nuclear localization and increases the expression of genes implicated in oxidative stress tolerance [@bib75], [@bib76]. Furthermore, JNK mediated nuclear translocation of DFoxo in insulin producing cells resulted in reduced expression of *Drosophila* insulin like-peptide-2 (dilp2), leading to lower systemic activation of insulin and IGF receptors [@bib76]. Hence, in *Drosophila* and *C. elegans*, insulin and JNK signaling are two major determinants of life-span and oxidative stress tolerance because of their opposite actions on FOXO nuclear localization [@bib75], [@bib76]. More recently, it was shown that JNK activity in *C. elegans* is also required for the longevity effects of intermittent fasting and that JNK action on the expression of genes promoting oxidative stress tolerance depends also on AP-1 transcription activity [@bib77]. Overall, these studies indicate that JNK promotes stress tolerance by driving FOXO-dependent gene-expression in antagonism with the action of insulin/IGF signaling, by reducing insulin production, and by activating AP-1 transcription factors.

The relevance of the opposing actions of insulin and JNK on Foxo-driven stress tolerance to human health is not known and requires further investigation. However, FOXO action on the expression of genes implicated in oxidative stress tolerance is conserved in mammalian cells [@bib78], [@bib79], and some studies have associated genetic variation of the FOXO3a gene with longevity in humans [@bib80], [@bib81].

4.2. Long-term effects of JNK1 ablation in obese mice {#sec4.2}
-----------------------------------------------------

The studies described above in *Drosophila* and *C. elegans* indicate that JNK activity is required to maintain normal tolerance to systemic oxidative stress, thereby promoting longevity, which poses a possible concern for the long--term effects of JNK inhibition.

To learn about the long-term effects of JNK1 ablation in mammals undergoing metabolic stress from obesity, we have investigated mice lacking JNK1 (JNK1^−/−^) that are chronically fed an obesogenic high-fat diet for the duration of their lifetime [@bib82]. The results showed that, compared to control mice, JNK1^−/−^ mice maintained on high-fat diet display normal life-span and long-term sustained protection from obesity, hepatic lipid accumulation, adipose tissue inflammation, and insulin resistance. However, JNK1^−/−^ mice exposed to high-fat feeding for 40 weeks were not protected from liver inflammation and were predisposed to alopecia and hair depigmentation, the latter typically being associated with oxidative damage and aging. Furthermore, JNK1^−/−^ mice developed increased epidermal thickness and inflammation and displayed increased expression of genes involved in skin inflammation and regeneration, compared to control mice. Measurement of lipid peroxidation in different tissues showed that oxidative damage in JNK1^−/−^ mice fed a high-fat diet for 40 weeks was similar-to-controls in kidney and heart, slightly improved in the liver and largely improved in adipose tissue, but was significantly worsened in the skin. The protective effects of JNK1 ablation on liver and fat oxidative stress were proposed to be, at least in part, a consequence of the reduced steatosis and reduced adipose tissue inflammation, whereas increased skin oxidative damage was correlated with a local reduction of the expression of antioxidant genes [@bib82].

Altogether, this study indicates that JNK1 ablation confers long-term metabolic protection in a mouse model of diet-induced obesity, with reduced oxidative damage in liver and, to a larger extent, white adipose tissue. However, JNK1 ablation exacerbated oxidative damage in the skin indicating that, at least in specific cell types and in specific conditions, JNK1 may play an important role in promoting oxidative stress tolerance during obesity.

4.3. JNK activity in the pancreatic β-cell {#sec4.3}
------------------------------------------

The role of JNK in pancreatic β-cell function was not investigated to the same extent as the role of JNK in insulin resistance, and further studies are necessary. However, current evidence indicates that JNK activity may play a role in loss of β-cell function and mass under certain conditions. Similar to what was observed in *Drosophila* [@bib76], it was shown that JNK activity in primary rat islets is required for oxidative stress mediated inhibition of insulin gene-expression [@bib83]. Furthermore, it was shown that JNK activity in β-cell reduces insulin gene-expression by inducing nuclear translocation of Foxo1 and cytoplasmic exclusion of the transcription factor PDX-1 [@bib84]. JNK activity was also implicated in the negative effects of the glucose secondary metabolite glucosamine on insulin gene-expression in primary rat islets and in RIN pancreatic β-cell [@bib83], [@bib85]. Treatment of primary mouse islets with long-chain saturated fatty acids caused a sustained JNK activation, which was necessary for the negative effects of saturated fatty acids on insulin gene expression [@bib20]. The effects of JNK on insulin gene expression in primary mouse islets exposed to palmitate and to RIN pancreatic β-cell exposed to glucosamine depended on JNK negative action on autocrine insulin signaling [@bib20], [@bib85]. Indeed, in these experimental models, JNK activity was associated with increased IRS1 serine phosphorylation, reduced IRS1 tyrosine phosphorylation, and decreased IRS1-associated PI3K activity [@bib20], [@bib85]. Consistent with the studies above, it was shown that transgenic mice in which a sustained JNK activation is specifically driven in β-cells by a constitutive active mutant of the JNK activating kinase MKK7 develop glucose intolerance, reduced insulin secretion, and defective insulin signaling in their β-cells [@bib86]. Altogether, these studies indicate that sustained JNK activation in β-cells may contribute to loss of β-cell function because of decreased insulin production.

Several studies implicated JNK in β-cell death caused by several stressors inducing a robust and prolonged or sustained JNK activation, including cytokines (IL-1β; TNFα; IFNγ), islets isolation, islets transplantation, and streptozotocin-induced genotoxic and oxidative stress [@bib87], [@bib88], [@bib89], [@bib90], [@bib91], [@bib92], [@bib93], [@bib94]. Collectively, these studies indicate that, at least in specific conditions, a robust-sustained JNK activation may contribute to loss of pancreatic β-cell mass and function. However, it must be noted that selective blockage of JNK3, which is expressed in β-cells, leads to the opposite outcome than blockage of JNK1 and JNK2. Indeed, it was reported that JNK3 silencing in β-cells enhanced sensitivity to cytokine-induced apoptosis and caused defective insulin signaling [@bib95], [@bib96]. Moreover, JNK3 activity in β-cells is required for the protective effects of extendin-4 on pancreatic β-cells exposed to inflammatory cytokines [@bib97]. Interestingly, β-cell death was not always correlated with JNK activity. Indeed, one study reported that JNK inhibition in the NES2Y β-cell line had no effects on stearic acid-induced cell death [@bib98], and one study reported that JNK1 silencing promoted glucolipotoxicity-mediated cell death in the INS1 β-cell line [@bib99]. Furthermore, another study proposed that JNK activity is required for palmitate-mediated induction of autophagy in the MIN6 mouse insulinoma cell line and inhibition of autophagy promoted palmitate-induced cell death in this model [@bib100]. Interestingly, it was reported that short-term exposure of β-cells to a low concentration of IL-1β for only two hours increased glucose-stimulated insulin secretion in a JNK-dependent manner [@bib101]. Hence, it should be considered that specific JNK isoforms (e.g. JNK3) or specific JNK signaling dynamics, as with transient stimulation with low doses of IL-1β, may promote β-cell stress tolerance and function in specific experimental conditions.

4.4. JNK activity in non-alcoholic fatty liver disease {#sec4.4}
------------------------------------------------------

Non-alcoholic fatty liver disease (NAFLD) is a pathological condition initiated by excessive lipid storage in the hepatocyte (fatty liver), a condition that is per se harmless but that can progress to non-alcoholic steatohepatitis (NASH), cirrhosis, and hepatocellular carcinoma. Because NAFLD progresses to more advanced stages of the disease only in some patients, a two-hits model for NAFLD was proposed [@bib102]. The first hit, which initiates the disease, is the metabolic derangement leading to steatosis; the second hit, which drives the progression of the disease, is less understood, but oxidative stress was proposed to be an essential promoting factor [@bib102]. JNK was implicated in both the initiation (first hit) and progression (second hit) of NAFLD. As described above, mice lacking JNK1, mice lacking JNK2 and heterozygous for JNK1 loss of function, and mice lacking JNK1 and JNK2 in their livers are largely protected from steatosis in models of diet-induced obesity [@bib16], [@bib17], [@bib35]. These data indicate that blocking JNK may prevent the development of steatosis by the direct and indirect mechanisms described in [Figure 1](#fig1){ref-type="fig"}C,D. Furthermore, JNK1 activity in hematopoietic cells was implicated in the development of NASH in mice fed a choline-deficient [l]{.smallcaps}-amino acid defined diet, suggesting a major role for JNK1 in the progression of steatohepatitis [@bib103]. Finally, sustained JNK1 activity in hepatocytes [@bib104] and JNK activity in myeloid cells [@bib105] were implicated in the promotion of chemically--induced hepatocellular carcinoma. Altogether, these studies indicate that blocking JNK, in particular JNK1, may prevent the development of steatosis, steatohepatitis, and hepatocellular carcinoma. However, it must also be considered that other studies indicate that the role of JNK in NAFLD is more complex and that, at least in specific conditions, JNK inhibition may promote NAFLD and liver damage. Indeed, it was reported that mice lacking JNK1 specifically in hepatocytes spontaneously develop microsteatosis, hepatic insulin resistance, and glucose intolerance on a chow-diet [@bib27]. Furthermore, mice lacking a functional JNK2 placed on a high-fat diet developed similar steatosis than control mice but were predisposed to liver damage [@bib106], and antisense oligonucleotide against JNK2 markedly increased liver damage in obese mice [@bib106]. Importantly, it was recently shown that mice lacking JNK1 and JNK2 in their hepatocytes are predisposed to liver injury induced by acetaminophen or by carbon tetrachloride, two potent oxidative stress inducers [@bib107]. Furthermore, mice lacking JNK1 and JNK2 in their hepatocytes developed larger tumors in a model of chemically induced hepatocellular carcinoma [@bib108]. Finally, several studies indicate that JNK, and most notably JNK1, plays an important role in liver regeneration [@bib43], [@bib46], [@bib108], [@bib109]. Altogether, these studies indicate that JNK blockage may prevent obesity-driven NAFLD indirectly, by preventing obesity itself ([Figure 1](#fig1){ref-type="fig"}C), and may prevent the development of NASH ([Figure 1](#fig1){ref-type="fig"}B). However, the role of JNK activity in hepatocytes in NAFLD is less obvious, as JNK1 and JNK2 play specific and sometimes opposite actions in NAFLD initiation and progression in a context dependent manner.

4.5. JNK activity in the complications of type-2 diabetes {#sec4.5}
---------------------------------------------------------

Several studies indicate that JNK may be involved in the promotion of cardiovascular diseases associated with obesity and type-2 diabetes. Primary human endothelial cells (HUVEC) exposed to high glucose levels accumulate reactive oxygen species, driving a robust and sustained JNK activation, and JNK1 ablation with antisense oligonucleotides protected these cells from high-glucose induced apoptosis [@bib110]. One study reported that mice lacking JNK2 in macrophages decreased atherogenesis in the ApoE^−/−^ mouse model of atherosclerosis because of defective foam-cell formation [@bib111]. Furthermore, other studies indicated that JNK1 activity promotes atherosclerosis by driving endothelial cell damage in models of atherogenesis [@bib112], [@bib113]. However, it was recently reported that JNK1 ablation in hematopoietic cells increases atherosclerosis in the low-density lipoprotein receptor null mouse model by preventing macrophage apoptosis [@bib114]. Hence, in models of atherogenesis, JNK1 promotes apoptosis of endothelial cells and macrophages, the former being linked to increased endothelium damage and promotion of atherogenesis, whereas the latter is linked to the delay of the development of atherosclerotic lesions.

Mice with compound deletions of all JNK isoforms in endothelial cells were generated, and these mice were predisposed to ischemic injury following arterial occlusion [@bib115]. However, this was due to a role of JNK during development in native collateral arteries formation [@bib115]. Thrombotic events such as hearth attack and stroke are major causes of mortality in type-2 diabetics [@bib116]. A recent study indicates that JNK activity in platelets of diabetic patients may be part of an important mechanism protecting platelets from oxidative stress mediated cell damage, which leads to platelet activation and apoptosis causing thrombosis [@bib117]. This study showed that platelets from diabetic subjects display increased oxidative stress, increased JNK activation, and increased autophagy/mitophagy compared to platelets from healthy control individuals [@bib117]. Furthermore, exposure of platelets from healthy donors to hydrogen peroxide was sufficient to induce mitophagy, an effect that was blocked by co-treatment with a chemical inhibitor of JNK [@bib117]. Importantly, blockage of JNK-driven autophagy made platelets more sensitive to oxidative stress-driven activation and apoptosis [@bib117]. Hence, this study indicates that JNK activity in human platelets promotes oxidative stress tolerance by induction of adaptive mitophagy and may protect diabetic patients from thrombosis. A similar mechanism was described in human retinal capillary pericytes (HRCP), a cell type responsible of maintaining retinal capillary functional integrity and the loss of which is considered an initiator of diabetic retinopathy [@bib118]. The authors observed that autophagy is induced in the retina of diabetic patients, and, to further investigate the role and the mechanism of autophagy in diabetic retinopathy, the authors exposed cultured HRCP to different doses of oxidized glycated LDL (HOG-LDL) [@bib118]. HOG-LDL induced JNK activity and autophagy, and inhibition of JNK blocked the induction of autophagy by HOG-LDL. Importantly, JNK-driven autophagy protected HRCP from apoptosis induced by a low-dose of HOG-LDL but contributed to cell death induced by high-doses of HOG-LDL [@bib118]. This dual role of JNK-driven autophagy in the response of HRCP cells to the stress caused by HOG-LDL is largely consistent with the general role of JNK in cell stress response ([Figure 2](#fig2){ref-type="fig"}).

The role of JNK in diabetic nephropathy was investigated in mice models of diabetes. One study used a pharmacological approach in which a cell permeable peptide inhibitor was given to *db/db* mice and a genetic approach in which hyperglycemia was induced with streptozotocin in mice lacking either JNK1 (JNK1^−/−^) or JNK2 (JNK2^−/−^) or in control mice [@bib119]. The results indicate that JNK inhibition worsens albuminuria in db/db diabetic mice and that JNK1 genetic ablation does not affect the development of albuminuria in streptozotocin-induced diabetes, whereas loss of JNK2 dramatically worsens albuminuria in streptozotocin-induced diabetes [@bib119]. Altogether, these results indicate that JNK activity, and in particular JNK2 activity, protects the kidney from the stress caused by hyperglycemia. More recently, another laboratory investigated the role of JNK in the kidney damage caused by hyperglycemia by treating mice made diabetic with streptozotocin with a small molecule JNK inhibitor (SP00125) [@bib120]. The results are in sharp contrast with those from the study above [@bib119] and showed that pharmacological inhibition of JNK decreases albuminuria, proteinuria, and blood urea nitrogen [@bib120].

The role of JNK in the diabetic kidney remains therefore an open question. Opposing outcomes of JNK inhibition on cellular damage should not be surprising, although, for the future, it will be important to determine whether differences from the studies above are due to the use of different inhibitors or to different experimental conditions.

5. Conclusions {#sec5}
==============

JNK is one of the most investigated signal transducers in models of obesity and insulin resistance, and the results from these studies have led to a new paradigm of the molecular mechanisms linking obesity and insulin resistance ([Figure 1](#fig1){ref-type="fig"} and [Figure 3](#fig3){ref-type="fig"}). Based on these mechanisms, pharmacological inhibition of JNK1 and JNK2 is predicted to have beneficial metabolic effects in obesity by preventing excessive adiposity, inflammation, and insulin resistance. However, JNK3 inhibition is expected to cause deleterious effects in obesity by further promoting positive energy balance, adiposity, insulin resistance, and possible loss of β-cell function ([Figure 3](#fig3){ref-type="fig"}) [@bib34], [@bib95], [@bib96], [@bib97]. The latter poses a major obstacle to the exploitation of JNK as drug target for the treatment of obesity-driven insulin resistance. Indeed, in spite of intensive efforts to develop small molecules JNK inhibitors, to date, no compound inhibiting JNK1 and JNK2 with selectivity against JNK3 was reported [@bib121], [@bib122].

The role of JNK activity in β-cell-failure and complications of type-2 diabetes was not investigated to the same extent as for obesity and insulin resistance. However, emerging evidence indicates that JNK may act either as a promoting factor in disease progression or could induce stress tolerance and protect from disease progression depending on the model, cell type, and specific JNK isoform ([Figure 3](#fig3){ref-type="fig"}). The emerging picture is similar to the general mechanism for the JNK action in cellular stress response described in [Figure 2](#fig2){ref-type="fig"}, with a dual role for JNK in promoting either cell survival or cell death in response to stress. JNK action on cell survival in pathological conditions associated with obesity and type-2 diabetes such as NAFLD, β-cell death, and vascular complications seems to depend on the specific isoform, cell type, and magnitude of its activation. Indeed, some studies indicate that, at least under specific experimental conditions, JNK activity may promote tolerance to specific metabolic stressors and improve cell survival and functionality. Most notably, it was recently reported that JNK activity promotes insulin secretion in β-cells exposed to low concentrations of IL-1β [@bib101], supports survival of human pericytes exposed to low-concentrations of HOG-LDL [@bib118], and protects human platelets from oxidative stress induced activation and cell death [@bib117]. Importantly, the same biological outcome in different cell-types may have opposite effects on disease progression. This may be the case for atherosclerosis, where JNK1 activity drives cell death in endothelial cells and in macrophages, with the former promoting atherosclerosis [@bib112], [@bib113] and the latter reducing the formation of atherosclerotic lesions [@bib114]. We conclude that to exploit JNK inhibition as an insulin sensitizing therapy for the treatment of type-2 diabetes, it is necessary to better understand the role of specific JNK isoforms in the cell response to the metabolic stress driving loss of β-cell function and in pathological conditions associated with type-2 diabetes. In particular, a possible role for JNK activity in specific cell types in supporting tolerance to metabolic stress in type-2 diabetes models needs to be investigated.

It is intriguing that JNK activity was shown to be induced in cultured myotubes in response to contraction and in mice muscles in response to exercise [@bib123], as this raises the question of a possible role for JNK in the metabolic stress tolerance induced by exercise. It is also remarkable that mice expressing a mutated Bcl-2 at its JNK1 phosphorylation sites display defective autophagy induction in response to exercise and are refractory to the beneficial effects of exercise on high-fat diet-induced glucose intolerance [@bib124]. Although the dissociation of the Bcl-2 beclin1 complex was not correlated with JNK phosphorylation in this study, the role of JNK in exercise-induced metabolic stress tolerance deserves further investigations.
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![Molecular mechanisms of JNK1 and JNK2 in obesity-driven insulin resistance. The JNK1/2 kinases were proposed to play a central role in obesity-driven insulin resistance by four mechanisms: (A) In insulin-target cells, JNK1/2 directly phosphorylate IRS1 and IRS2 at serine and threonine residues leading to reduced tyrosine-phosphorylation of IRS1/2 molecules and decreased recruitment of the PI3K-AKT signaling pathway in response to insulin. (B) JNK1/2 play a major role in obesity-driven macrophage activation, leading to increased levels of inflammatory "M1" cytokines driving insulin resistance. (C) During obesity JNK1/2 activity in pituitary thyrotropic cells sustains the expression of DIO2 leading to a T3-dependent reduction of TSH production. Reduced TSH level leads to low circulating levels of thyroid hormone, increased metabolic efficiency, and increased adiposity, which drives insulin resistance. (D) During obesity, JNK1/2 activity in the hepatocyte sustains the expression of the transcription co-repressor NCor1, which inhibits PPARα-driven gene-expression leading to reduced FGF21 production, reduced fatty acid oxidation, and ketogenesis, promoting fatty liver and insulin resistance.](gr1){#fig1}

![A general model for JNK action in the cell stress response. The JNK kinases are activated in response to several cellular stressors and inflammatory mediators, and JNK activation can either promote cell death or survival depending on the specific context. An important variable in determining the outcome of JNK signaling is the length and intensity of its activation. Early-transient activation of JNK was linked to stress tolerance and survival, whereas intense and sustained JNK activation often correlates with cell death. JNK action on stress tolerance and proliferation depends on its activity on the transcription factors AP-1 and Foxo, whereas JNK promotes cell death by phosphorylating cytoplasmic proteins implicated in programmed cell death including Bid, Bim, and ITCH which controls cFlip stability. JNK was also shown to promote autophagy by phosphorylating Bcl-2, which causes the release of Beclin1. Autophagy is a process of lysosomal-mediated cellular self-digestion, which can promote stress tolerance by removing damaged organelles but, when excessive, can also lead to autophagic cell death.](gr2){#fig2}

![JNK at the crossroad of obesity, insulin resistance, and the cell stress response. The role of JNK in obesity-driven insulin resistance was extensively investigated and the evidence indicates that JNK1 and JNK2 isoforms promote positive energy balance, adiposity, metabolic inflammation, and insulin resistance by the mechanisms described in [Figure 1](#fig1){ref-type="fig"}. However, JNK3 was reported to play an important homeostatic function in leptin control of food intake, and its inhibition is expected to increase food intake and aggravate adiposity and insulin resistance in obese subjects. The role of JNK in the β-cell failure occurring in type-2 diabetes and in the complications of obesity and type-2 diabetes was not investigated to the same extent as the role of JNK in insulin resistance. However, emerging evidence indicates that the action of JNK in loss of β-cell function, NAFLD progression, and diabetes complications may be more complex, with JNK activity driving disease promotion or being protective depending on the context. This dual action of JNK in the response to the metabolic stress associated to obesity and type-2 diabetes is reminiscent of the general role of JNK in cellular stress response described in [Figure 2](#fig2){ref-type="fig"}.](gr3){#fig3}
